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A study was conducted to evaluate the prevalence and diversity of simian T-cell lymphotropic virus (STLV)
isolates within the long-established Tulane National Primate Research Center (TNPRC) colony of sooty
mangabeys (SMs; Cercocebus atys). Serological analysis determined that 22 of 39 animals (56%) were positive
for STLV type 1 (STLV-1). A second group of thirteen SM bush meat samples from Sierra Leone in Africa was
also included and tested only by PCR. Twenty-two of 39 captive animals (56%) and 3 of 13 bush meat samples
(23%) were positive for STLV-1, as shown by testing with PCR. Nucleotide sequencing and phylogenetic
analysis of viral strains obtained demonstrated that STLV-1 strains from SMs (STLV-1sm strains) from the
TNPRC colony and Sierra Leone formed a single cluster together with the previously reported STLV-1sm
strain from the Yerkes National Primate Research Center. These data confirm that Africa is the origin for
TNPRC STLV-1sm and suggest that Sierra Leone is the origin for the SM colonies in the United States. The
TNPRC STLV-1sm strains further divided into two subclusters, suggesting STLV-1sm infection of two original
founder SMs at the time of their importation into the United States. STLV-1sm diversity in the TNPRC colony
matches the high diversity of SIVsm in the already reported colony. The lack of correlation between the lineage
of the simian immunodeficiency virus from SMs (SIVsm) and the STLV-1sm subcluster distribution of the

TNPRC strains suggests that intracolony transmissions of both viruses were independent events.

Primate T-lymphotropic viruses (PTLV) belong to the genus
Deltaretrovirus (12). They include human T-cell lymphotropic
virus type 1 (HTLV-1) (41, 55), simian T-cell lymphotropic
virus type 1 (STLV-1) (31), HTLV-2 (16), STLV-2 (13, 51),
STLV type L (STLV-L) (14), and the recently described
STLV-3 (29, 30). Although the PTLV constitute a group of
related retroviruses that share common morphological, anti-
genic, biologic, and genetic features, their origin and evolu-
tionary relationships are still under debate (5, 52).

There are distinct regions where HTLV-1 and -2 infections
are endemic in Africa, the Caribbean basin, South America,
and southeastern Japan (3, 41, 47). Previous studies estimated
that 10 to 20 million people are infected worldwide (7, 46).
Infection is generally followed by a long latency period of 1 to
several decades, which is followed by development of symp-
toms of T-cell proliferation, adult T-cell leukemia or lym-
phoma (45, 55), and a chronic neurological condition called
either tropical spastic paraparesis or HTLV-1-associated my-
opathy (10) in 1 to 5% of HTLV-l-infected individuals.
HTLV-2 is not yet associated with a disease, although links to
neurologic disorders have been reported (16, 22, 35). STLV-1
is found as a natural infection in over 20 species of nonhuman
primates of African and Asian origin (6, 17, 18, 25, 40, 46). This
virus also causes a long-standing chronic infection that, similar
to its human counterpart, may progress to disease; however,
only a few cases of STLV-1-associated disease following natu-
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ral infection have been documented (32, 49, 50). Experimental
infection of pig-tailed macaques with sooty mangabey (SM)
STLV-1 (STLV-1sm) resulted in the mortality all three ani-
mals within 225 weeks and the appearance of some clinical
signs (rash and bladder dysfunction) suggestive of viral involve-
ment (27).

STLV and HTLV genomes are generally quite stable, and
their mutation rates are significantly lower than those of cor-
responding lentiviruses, such as simian immunodeficiency virus
(SIV) and human immunodeficiency virus (HIV). This fact is
probably due to PTLV replicating predominantly by clonal
expansion of infected cells rather than by continual use of the
more error-prone reverse transcription utilized by lentiviruses
(9, 33, 46, 54). Although the viral evolution of STLVs is less
extensive than that of SIVs, impressive diversity does exist with
multiple subtypes and distinct lineages, pointing to an ancient
origin for the different lineages (46, 51). To date, six subtypes
have been documented for HTLV-1, most of which have sim-
ian counterparts (26, 37, 46). Four of the six subtypes are the
following: subtype A (cosmopolitan), subtype B (Central Afri-
can), subtype C (Melanesian), and subtype D (Central Afri-
can), which is present mainly in pygmies (26, 44). The remain-
ing subtypes are minor and were reported to occur in
individuals from the Democratic Republic of the Congo (sub-
type E) and Gabon (subtype F) (24, 26, 37, 44, 52). Close
simian counterparts have been described to occur in chimpan-
zees for HTLV-1 subtype B, in mandrills for HTLV-1 subtype
D (24), and in agile mangabeys for HTLV-1 subtype F (37).

This phylogenetic evidence of multiple events of STLV
transmission from nonhuman primate species is also supported



2542 TRAINA-DORGE ET AL.

by a geographical correlation between HTLV subtypes and the
habitat range of the original nonhuman primate species (5, 21,
23, 46). Therefore, characterizing STLV-1 diversity in different
species of nonhuman primates and correlating this character-
ization with HTLV diversity may provide significant informa-
tion on the mechanism of HTLV emergence. To date, studies
of STLV-1 diversity in different species of monkeys and apes in
Central Africa have demonstrated the presence of specific
STLV-1 variants in several subspecies of baboons (Papio
hamadryas, Papio anubis, and Papio doguera) (25, 28, 43),
gelada baboons (Theropithecus gelada) (53), swamp monkeys
(Allenopithecus nigroviridis) (28), grivet monkeys (Cercopithe-
cus aethiops aethiops) (18, 28), tantalus monkeys (Cercopithe-
cus aethiops tantalus), crested mona monkeys (Cercopithecus
mona pogonias) (28), Syke’s monkeys (Cercopithecus albogu-
laris) (43), patas monkeys (Erythrocebus patas) (43), mandrills
(Mandrillus sphinx) (26, 36), SMs (Cercocebus atys) (8, 43),
agile mangabeys (Cercocebus agilis) (37), chimpanzees (Pan
troglodytes) (19, 38, 39), and gorillas (Gorilla gorilla) (38). In-
terestingly, although SMs are the documented source of HIV-2
(4), information concerning STLV diversity and prevalence in
SMs in their natural habitats has not been reported. Only a
single STLYV strain originating from a captive SM in the Yerkes
National Primate Research Center (YNPRC) is known to date
(8). Moreover, no diversity studies have been carried out with
naturally occurring STLVsm.

In this study, we report a systematic characterization of
STLVsm prevalence and diversity in a stable, well-established
colony of SMs at the Tulane National Primate Research Cen-
ter (TNPRC). Our recent studies of SIV isolates from SMs
(SIVsm isolates) in this TNPRC colony revealed significant
SIVsm lineage diversity, with six different genetic lineages co-
circulating (20; C. Apetrei, unpublished data). These different
SIVsm lineages show genetic divergence similar to that of
HIV-1 subtypes and point to multiple introductions of SIVsm-
infected SMs in the United States. Given the high prevalence
of STLV infection in this colony, we also determined if the
diversity of STLV isolates paralleled that of SIVsm isolates.
These associations of viral diversity may establish infection
timelines within the colony. Importantly, it would help to elu-
cidate whether the modes of transmission of both viruses fol-
lowed similar mechanisms. Finally, as a means to validate the
diversity of STLV isolates in the primate centers of the United
States, we characterized STLV strains from wild SMs.

MATERIALS AND METHODS

Collection of samples from the TNPRC colony and SMs living in the wild.
Thirty-nine SMs (Cercocebus atys) from the colony at the TNPRC were studied.
All animals were clinically evaluated, and blood samples were taken during the
annual physical exam. Samples were centrifuged, and plasma and serum samples
were aliquoted and frozen at —20°C for later testing. The buffy coat was removed
and centrifuged on Ficoll-Hypaque, and peripheral blood mononuclear cells
(PBMC) were isolated. PBMC were distributed in aliquots of 5 X 10° cells and
cryopreserved at a ratio of 1:1 in cryoprotective medium (Cambrex BioScience,
Walkersville, Md.) with 7% dimethyl sulfoxide in basal Eagle’s medium with
Hanks’ balanced salt solution but without L-glutamine. Thirteen wild-SM bush
meat samples were also obtained from fresh-meat markets in different regions of
Sierra Leone during a survey in 1993. Samples were quick-frozen and stored at
—80°C prior to testing.

Serological assays. For monkeys in the colony, sera were initially screened
qualitatively for STLV antibody by indirect enzyme-linked immunosorbent assay
(ELISA) using commercially available HTLV-1 viral lysate (Zeptometrix, Buf-
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falo, N.Y.). Seropositive samples were confirmed with InnoLia (Innogenetics,
Ghent, Belgium), and levels of antibody were quantitated with a limiting serial-
dilution ELISA. These same sera were screened for the presence of SIV antibody
using a commercial ELISA (Zeptometrix) designed for the detection of HIV-1
and HIV-2 antibodies. Seroreactive samples were confirmed positive by Western
blotting (Zeptometrix).

PCR and sequencing. High-molecular-weight genomic DNA was extracted
from the cryopreserved PBMC or frozen bush meat samples from all animals
using the DNAeasy tissue kit (QIAGEN, Valencia, Calif.). Concentrations were
determined spectrophotometrically. One microgram of DNA from each animal
was tested by PCR amplification for STLV-1 env and long terminal repeat (LTR)
sequences as well as for STLV-3 gag sequences. STLV-1-specific primers derived
from highly conserved regions of the prototype HTLV-1 ¢ genome (45) (Gen-
Bank accession number J02029) were used as follows. Forward primer env-I
(5'-TTTGAGCGGCCGCTCAAGCTATAGTCTCCTCCCCCTG-3') and re-
verse primer env-2 (5'-ACTTAGAATTCGGGAGGTGTCGTAGCTGACGGA
GG-3') (11) produced a 522-bp partial envelope fragment mapping positions
6024 to 6592 on HTLV-1 1k and spanning the cleavage site of gp46 and most of
the p21 transmembrane protein. Forward primer OLF-5 (5'-AATGACCATGA
GCCCCAAATATCC-3") and reverse primer LTR-5 (5'-CAGGGTCAGGCAA
AGCGTGGAG-3') produced the full-length 725-bp LTR fragment (positions 25
to 757 on HTLV-1,rk). Each 50-ul reaction mixture contained 1X AmpliTaq
Gold PCR buffer II; 2.0 puM MgCl,; a 200 uM concentration each of dATP,
dCTP, and dGTP; a 20 pM concentration each of the forward and reverse
STLV-1-specific primers; and 2.5 U of AmpliTaq Gold polymerase (Applied
Biosystems, Foster City, Calif.). Reaction mixtures were incubated at 95°C for 10
min and then subjected to 95, 58, and 72°C for 1 min each for a total of 40 cycles,
followed by a final 10-min extension at 72°C. Near-full-length STLV-1 envelope
sequences were amplified for a selection of SM samples determined on the basis
of short env sequence results. Forward primers ORT-5 (5'-AGACTCCTCAAG
CGAGCTGCATG-3') and env-4 (5'-GCTTGGTTTACAGGGATGACTCAG
G-3") were used to amplify a fragment of 1,609 bp encompassing the 1,529 bp of
the envelope gene (positions 5126 to 6735 on HTLV-1 ). Each 50-pl reaction
mixture contained 1X AmpliTaq Gold PCR buffer II; 2.0 puM MgCl,; a 200 uM
concentration each of dATP, dCTP, dTTP, and dGTP; a 20 pM concentration
each of the forward and reverse STLV-1-specific primers; and 2.5 U of AmpliTaq
Gold polymerase. Reaction mixtures were incubated at 95°C for 10 min and then
subjected to 95, 58, and 72°C for 1 min each for a total of 40 cycles, followed by
a final 10-min extension at 72°C.

Since several recent studies have reported the extensive distribution of
STLV-3 in sub-Saharan African primates from the Papionini tribe (30, 53),
specific STLV-3 primers and conditions described previously (30) were used to
screen all samples. SIV-specific primers were also used on the same samples in
order to characterize gag (846 bp) and env transmembrane glycoprotein (436 bp),
as described elsewhere (20).

PCR products were electrophoresed in 1% agarose; all positive samples were
further processed, and amplified fragments were isolated by excision from aga-
rose, purification with commercially available PCR cleanup reagents (QIA-
GEN), sequencing, and phylogenetic analysis.

Sequencing. All STLV-1-positive 522-bp env and 725-bp LTR PCR-amplified
fragments isolated from both the TNPRC colony and SMs from Sierra Leone
were purified as described above and sequenced directly, and the alignments
were compared. Full-length envelope fragments were amplified from animals
from each of the two subclusters, purified, and sequenced as described above.
The sequencing was carried out using the ABI BigDye Terminator sequencing
reaction kit (version 3.1) and an automated DNA sequencer (model 377; Ap-
plied Biosystems).

Phylogenetic analysis. Alignments were constructed for the partial and full-
length HTLV-1 and STLV env genes and LTR regions for each of the animals
with the CLUSTAL W program (48). Nucleotide sequences for env and LTR
nucleotide sequences representative of each HTLV-1 subtype and STLV-1 lin-
eage originating from different species from and geographical regions of Africa
were downloaded from GenBank. Newly derived STLV-1 sequences obtained
from captive and wild SMs were aligned with those from previously reported
strains by using the CLUSTAL W (48) profile alignment option. The resulting
alignments were adjusted manually where necessary. Regions of ambiguous
alignment and all gap-containing sites were excluded. Phylogenetic trees were
inferred from the nucleotide alignments by the neighbor-joining method by using
the HKY85 model of nucleotide substitution (15) implemented with PAUP*
4.0b10, with a transition/transversion ratio of 2. The reliability of the branching
order was assessed by performing 100 bootstrap replications, again by using
neighbor joining and the HKY85 model. Phylogenetic trees were also inferred by
the maximum likelihood method using PAUP*, with models inferred from the
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TABLE 1. STLV-1 and SIVsm prevalence in SMs from two study groups

No. (%) with the indicated infection status

No. of
Study group J q+
animals STLV-1* STLV-1- SIV* SIV- ST
TNPRC colony 39 22 (56) 17 (44) 28 (72) 11 (28) 14 (33)
Bush meat samples from Sierra Leone 13 3(23) 10 (77) 7 (54) 6 (46) 1(8)

alignments by use of Modeltest 3.06 (42). The neighbor-joining tree topology was
used as the starting tree in a heuristic search using tree bisection reconnection
branch swapping.

Nucleotide sequence accession numbers. Nucleotide sequence accession num-
bers for the TNPRC STLVsm sequences submitted to GenBank are AY876016
through AY876044.

RESULTS

A serological and molecular survey to evaluate STLV prev-
alence and diversity within the TNPRC captive-SM colony was
conducted. The majority of the colony animals were originally
obtained from the YNPRC between 1980 and 1990. Two ani-
mals were imported from Africa, and one was purchased from
the New Iberia Research Center (New Iberia, La.).

A high prevalence of retroviral infection was observed in the
TNPRC colony. Thus, of the tested SMs, 56% (22 of 39) were
seropositive for STLV-1, 72% (28 of 39) were seropositive for
SIV, and 39% (15 of 39) were dually infected (Table 1). All
positive samples were confirmed by PCR amplification with
STLV-1 env and SIV gag and env primers.

A study to evaluate STLV-1 prevalence in wild SMs was also
conducted. Thirteen SM bush meat samples originating from
Sierra Leone in Africa were obtained, cryopreserved, pro-
cessed for nucleic acid, and tested for STLV-1 DNA by the
same PCR strategy used for the colony animals. Three of the
13 samples (23%) were positive for STLV-1 sequences, show-
ing a relatively low level of natural infection in the wild. How-
ever, testing for SIV infection showed that 7 of the 13 wild-SM
samples (54%) were positive for SIVsm (1). One SM was
infected with both STLV-1 and SIV.

Testing for the presence of STLV-3 in both captive and wild
SMs failed to reveal evidence of natural infection with this
virus in our study groups.

Nucleotide sequencing of STLV-1 from all infected animals
was performed to characterize viral diversity in the TNPRC
colony and wild SMs. Initial PCR amplifications were per-
formed for two gene regions and resulted in a 522-bp fragment
from the STLV-1 env gene and a 725-bp fragment from the
LTR region. These positive env and LTR amplification prod-
ucts were QIAGEN column purified and sequenced. Nucleo-
tide sequence alignments were performed using CLUSTAL W
(48) and were compared with known HTLV-1 and STLV-1
isolates of divergent backgrounds.

Results for the 522-bp STLV-1 env sequence comparison are
shown in Fig. 1a. Note that the env phylogenetic analysis was
based on the 519 bp left after the removal of gap-containing
sites from the alignment. All STLVs from the TNPRC colony
formed a cluster that included the YNPRC STLVsm strain and
the STLV sequences from the wild SMs but was distinct from
the major HTLV-1 clades A to F and other STLV-1 strains
from nonhuman primate species. STLVsm strains from

TNPRC were further shown to segregate into two subclusters
that we arbitrarily designated subcluster 1 and subcluster 2.
Genetic-distance calculations confirmed these subclusters; ge-
netic distances within each subcluster were significantly lower
(0.27% = 0.22% [mean * standard deviation] and 0.25% =
0.2% for subcluster 1 and subcluster 2 strains, respectively)
than the distance between the two subclusters (0.89% =
0.26%). The STLV-1sm strain from the YNPRC and the three
wild Sierra Leone SM isolates clustered in subcluster 2. Thus,
the genetic distance between subcluster 2 strains and STLV
strains originating from SMs living in the wild was 0.36% *
0.25%, whereas the genetic distance between STLV strains
from Sierra Leone and subcluster 1 strains was 1.05% =
0.29%.

LTR sequencing was done on selected strains belonging to
both subclusters and on STLV-1sm samples originating from
SMs living in the wild. Phylogenetic analyses of the LTR genes
confirmed the results observed with env genes (Fig. 1b). Note
that the LTR phylogenetic analysis was based on the 513 bp
left after the removal of gap-containing sites from the align-
ment.

In order to confirm these results and to further investigate
the extent of STLV-1 diversity in the TNPRC colony, we se-
quenced and analyzed near-full-length envelope sequences of a
smaller group of samples selected to include representatives
from subclusters 1 and 2. Figure 2 shows the amino acid align-
ment of those near-full-length envelope sequences. These
analyses confirmed the subclustering pattern observed with the
522-bp partial envelope comparison (Fig. 1a). A phylogenetic
tree was not constructed, as relatively few published STLV-1
sequences encompass the full-length envelope.

Translations of the near-full-length sequenced STLV-1 env
and amino acid alignments were produced to evaluate the
extent of segregation of STLV strains in the TNPRC SM
colony. This analysis included the following SM strains: A024,
G077, and F105, representative of subcluster 1, and A023,
M941, G072, and M938, representative of subcluster 2. Also
included was 93SL121, a wild STLV-1sm strain. Amino acid
alignments of the envelope sequences from each of the two
STLV subclusters were generated, and N-glycosylation sites
were identified (Fig. 2). The alignment anchored with the
Yerkes SM sequence (STLVsm Yerkes) and showed very few
functional amino acid changes among the lineages tested. The
four glycosylation sites were marked with boxes showing com-
plete conservation of two sites. Two glycosylation sites, how-
ever, showed variations from STLVsm Yerkes. The first vari-
ation was a synonymous mutation observed in subcluster 2
viruses at the second glycosylation site (position 222) (Fig. 2),
whereas the second was a mutation nonsynonymous with
STLVsm Yerkes at the third glycosylation site (position 244,
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A—V) and was present in all tested strains irrespective of their
subclustering patterns.

Table 2 summarizes and compares SIVsm lineage distribu-
tions according to STLV subclustering. This analysis was done
to investigate if a correlation between STLV subclusters and
SIVsm lineages could be established in the TNPRC animals.
SIVsm lineages were assigned as described previously (20).
Although the lineages were assigned arbitrarily, multiple
SIVsm lineages were present within the various animals doc-
umented for each STLV-1sm subcluster. This finding was more
clearly observed for the STLV-1sm subcluster 2-infected SMs.
While animals M945 and G080 were infected with lineage 2
SIVsm, animals G076, G078, M920, A038, and M938 were
infected with lineage 1 SIVsm, and animals M941, A023, and
MO51 were infected with lineage 3 SIVsm. Interestingly, only
half (4 of 9) of the subcluster 1 animals were coinfected with
SIV, whereas most (11 of 12) of the subcluster 2 animals were
coinfected with SIV. Comparisons of the diversity patterns of
the two retroviruses showed no correlation and suggest that
SIV and STLV transmissions were independent within the
colony.

DISCUSSION

The overall prevalence of retroviral infections from both
STLV-1 and SIV in the captive-SM colony at the TNPRC was
shown to be high, with 56 and 72%, respectively, of SMs being
infected. These results are higher than the 33%-positive find-
ing for STLV-1 and the 57%-positive finding for SIVsm pre-
viously reported for the captive-SM colony at the YNPRC (8);
however, this fact may reflect the extended time that has
elapsed since monitoring as well as the availability of more-
sensitive tools for detection. For the first time, both a virus
characterization and a prevalence evaluation of STLV-1sm in
wild SMs are reported. The prevalences of both viruses in wild
SMs from bush meat samples collected from Sierra Leone
were shown to be lower, with 23 and 54% of samples being
positive for STLV-1 and SIV, respectively. This could be due to
the smaller sampling number or, potentially, to less physical
contact between the animals in the wild. During the years since
the formation of the colony, many animals were housed in
pairs for breeding or socialization purposes, which created
increased potential for the transmission of viruses among
members of the colony. In addition, direct inoculation of sev-
eral animals with primary biological material from others
within the colony was performed to develop a nonhuman pri-
mate leprosy model. Retrospective studies have shown that
these experiments resulted in SIVsm transmission (2, 34).

Unexpectedly, the STLVsm strains present in the TNPRC
colony were shown to form two different subclusters in phylo-
genetic trees. Given the low evolutionary rates of STLV, these
two subclusters are not very divergent; yet, as shown by our
comparative analysis of the STLVsm strains originating from
SMs living in the wild, the two subclusters show enough diver-
gence to be considered as resulting from two independent
introductions of STLV in the TNPRC colony by founder mon-
keys at the time of their importation from Africa. The STLVsm
sequence previously reported from the YNPRC SMs (8) clus-
tered within TNPRC subcluster 2. Interspersion of the wild
STLVsm isolates within the colony STLVsm strain subclusters

FIG. 1. Phylogenetic relationships in the env regions (519 bp) (a) and LTR regions (513 bp) (b) of newly derived STLV-1 sequences from the TNPRC SM colony and from wild SMs
(Cercocebus atys) from Sierra Leone. These rooted maximum likelihood trees (see Materials and Methods for further details) show the relationships of all STLV-1sm strains to each other and

to other primate STLV-1 strains. Each colony animal is listed by species with its individual number, which is printed in blue if its strain is of lineage 2 and red if its strain is of lineage 1. The
clusters. The brackets labeled with capital letters to the right of each tree identify the major virus clades, and the bracket labeled STLV-1sm identifies the cluster of sequences obtained from

three wild-SM isolates are listed in green. The previously published STLVsm from the YNPRC (Yerkes) is shown (9). The numbers on the trees correspond to bootstrap supports for the adjacent
the SMs.
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FIG. 2. Amino acid alignment of the near-full-length envelope proteins from the two newly identified STLV-1sm lineages 1 and 2, the YNPRC
STLV-1sm, and the wild-SM strains show highly conserved sequences. The four N-glycosylation sites within the STLV-1 envelope are boxed for

identification. Two sites at positions 140 and 403 are shown to be conserved, while two sites are not: one with a nonsynonymous mutation (A—V)
at position 244 and the other with a mutation synonymous to the amino acid at position 222 of lineage 2 viruses. The nucleotide changes responsible
for the position 222 changes are shown in the expanded box marked by the arrow.
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TABLE 2. STLVsm and SIVsm lineage correlation at the TNPRC

Serostatus for: Lineage of:
Monkey
STLV-1sm SIVsm STLV-1 SIV

A024 + + 1 1
E043 + - 1

F105 + - 1

G077 + - 1

Mo18 + + 1 2
M921 + + 1 1
M925 + - 1

M926 + + 1 2
M937 + - 1

G076 + + 2 1
G078 + + 2 1
M920 + + 2 1
M941 + + 2 3
M945 + + 2 2
A023 + + 2 3
A038 + + 2 1
F102 + + 2 3
G075 + - 2

G080 + + 2 2
M938 + + 2 1
MO9s1 + + 2 3

confirms an African origin for the TNPRC viruses and suggests
a Sierra Leone origin for the SM colonies in the United States.
Our previous results also show the cocirculation of six different
SIVsm lineages in the TNPRC colony (20), which points to the
infection of at least six of the founders prior to their importa-
tion and corroborates the prevalence levels that we observed in
wild SMs, in which the SIVsm prevalence was greater than that
of STLV-1sm.

The lack of correlation between the distribution of SIVsm
lineages and STLV subclusters suggests that the means of
intracolony transmission of the two viruses were different.
Both viruses are blood borne, have similar transmission
routes, and preferentially infect lymphocytes; however, the
requirements for cell-associated dissemination and clonal
expansion of the PTLV-infected cells (1la, 9, 54) dramati-
cally contrast with the efficient cell-free infections of the
lentiviruses and may explain the discordance observed.
Maintenance of viral replication by clonal expansion of
PTLV-infected cells, rather than replication and propaga-
tion of new virions by reverse transcription of integrated
proviral DNA, also explains the lower level of mutational
change and overall genetic stability of the PTLV compared
with those of the highly divergent lentiviruses. The low level
of sequence divergence observed among PTLV strains al-
lowed detailed evolutionary tracking and showed distinct
geographical clustering of PTLV-I strains (21, 46). Geo-
graphic clustering, rather than host-related divergence, may
explain the differences observed between the STLVsm from
SMs and that from agile mangabeys, a related species (Fig.
1).

Given the geographical clustering of PTLV-I strains in Af-
rica, study of HTLV-1 diversity in Sierra Leone will be neces-
sary to test the potential of STLVsm cross-species transmission
to humans, as has been reported for SIVsm and HIV-2.

STLV DIVERSITY IN WILD AND CAPTIVE SOOTY MANGABEYS 2547

ACKNOWLEDGMENTS

This work was supported by NCRR, NIH, grants P51-RR00164-42
(V.L.T.-D.) and R01-AI44596-05 (P.A.M. and C.A.).

REFERENCES

1. Apetrei, C., M. J. Metzger, D. Richardson, B. Ling, P. T. Telfer, P. Reed,
D. L. Robertson, and P. A. Marx. 2005. Detection and partial characteriza-
tion of simian immunodeficiency virus SIVsm strains from bush meat sam-
ples from rural Sierra Leone. J. Virol. 79:2631-2636.

la.Bangham, C. R. 2003. The immune control and cell-to-cell spread of human
T-lymphotropic virus type 1. J. Gen. Virol. 84:3177-3189.

2. Baskin, G. B., L. N. Martin, S. R. Rangan, B. J. Gormus, M. Murphey, R. H.
Wolf, and K. F. Soike. 1986. Transmissible lymphoma and simian acquired
immunodeficiency syndrome in rhesus monkeys. JNCI 77:127-139.

3. Blattner, W. A,, V. S. Kalyanaraman, M. Robert-Guroff, T. A. Lister, D. A.
Galton, P. S. Sarin, M. H. Crawford, D. Catovsky, M. Greaves, and R. C.
Gallo. 1982. The human type-C retrovirus, HTLV, in Blacks from the Ca-
ribbean region, and relationship to adult T-cell leukemia/lymphoma. Int. J.
Cancer 30:257-264.

4. Chen, Z., P. Telfer, A. Gettie, P. Reed, L. Zhang, D. D. Ho, and P. A. Marx.
1996. Genetic characterization of new West African simian immunodefi-
ciency virus SIVsm: geographic clustering of household-derived SIV strains
with human immunodeficiency virus type 2 subtypes and genetically diverse
viruses from a single feral sooty mangabey troop. J. Virol. 70:3617-3627.

5. Crandall, K. A. 1996. Multiple interspecies transmissions of human and
simian T-cell leukemia/lymphoma virus type I sequences. Mol. Biol. Evol.
13:115-131.

6. Dracopoli, N. C., T. R. Turner, J. G. Else, C. J. Jolly, R. Anthony, R. C. Gallo,
and W. C. Saxinger. 1986. STLV-1 antibodies in feral East African vervet
monkeys (Cercopithecus aethiops). Int. J. Cancer 38:523-529.

7. Edlich, R. F., J. A. Arnette, and F. M. Williams. 2000. Global epidemic of
human T-cell lymphotropic virus type-I (HTLV-1). J. Emerg. Med. 18:109-
119.

8. Fultz, P. N., L. Su, P. May, and J. T. West. 1997. Isolation of sooty mangabey
simian T-cell leukemia virus type I STLV-1(sm) and characterization of a
mangabey T-cell line coinfected with STLV-1sm and simian immunodefi-
ciency virus SIVsmmPBj14. Virology 235:271-285.

9. Gabet, A. S., A. Gessain, and E. Wattel. 2003. High simian T-cell leukemia
virus-type 1 proviral loads combined with genetic stability as a result of
cell-associated provirus replication in naturally infected, asymptomatic mon-
keys. Int. J. Cancer 107:74-83.

10. Gessain, A., F. Barin, J. C. Vernant, O. Gout, L. Maurs, A. Calender, and G.
de The. 1985. Antibodies to human T-lymphotropic virus type-I in patients
with tropical spastic paraparesis. Lancet ii:407-410.

11. Gessain, A., R. C. Gallo, and G. Franchini. 1992. Low degree of human
T-cell leukemia/lymphoma virus type 1 genetic drift in vivo as a means of
monitoring viral transmission and movement of ancient human populations.
J. Virol. 66:2288-2295.

12. Gessain, A., and R. Mahieux. 1999. Genetic diversity and molecular epide-
miology of primate T cell lymphotropic viruses: human T cell leukaemia/
lymphoma viruses types 1 and 2 and related simian retroviruses (STLV-1,
STLV-2, pan-p and PTLV-L), p. 281-327. In A. Press (ed.), HIV and the new
viruses. Harcourt Brace and Company, London, United Kingdom.

13. Gessain, A., L. Meertens, and R. Mahieux. 2002. Molecular epidemiology of
human T cell leukemia/lymphoma viruses type 1 and type 2 (HTLV-1/2) and
related simian retroviruses (STLV-1, STLV-2, and STLV-L/3), p. 121-165.
In T. Leitner (ed.), The molecular epidemiology of human viruses, 1st ed.
Kluwer Academic Publishers, Boston, Mass.

14. Goubau, P., M. Van Brussel, A. M. Vandamme, H. F. Liu, and J. Desmyter.
1994. A primate T-lymphotropic virus, PTLV-L, different from human T-
lymphotropic viruses types I and II, in a wild-caught baboon (Papio hamadr-
yas). Proc. Natl. Acad. Sci. USA 91:2848-2852.

15. Hasegawa, M., H. Kishino, and T. Yano. 1985. Dating of the human-ape
splitting by a molecular clock of mitochondrial DNA. J. Mol. Evol. 22:160—
174.

16. Hall, W. W,, R. Ishak, S. W. Zhu, P. Novoa, N. Eiraku, H. Takahashi, M. C.
Ferreira, V. Azevedo, M. O. Ishaka, C. Monken, and T. Kurata. 1996.
Human T lymphotropic virus type II (HTLV-II): epidemiology, molecular
properties, and clinical features of infection. J. Acquir. Immune Defic. Syndr.
Hum. Retrovirol. 13(Suppl. 1):S204-S214.

17. Hayami, M., A. Komuro, K. Nozawa, T. Shotake, K. Ishikawa, K. Yamamoto,
T. Ishida, S. Honjo, and Y. Hinuma. 1984. Prevalence of antibody to adult
T-cell leukemia virus associated antigens (ATLA) in Japanese monkeys and
other non-human primates. Int. J. Cancer 33:179-183.

18. Ishikawa, K., M. Fukasawa, H. Tsujimoto, J. G. Else, M. Isahakia, N. K.
Ubhi, T. Ishida, O. Takenaka, Y. Kawamoto, and T. Shotake. 1987. Sero-
logical survey and virus isolation of simian T-cell leukemia/T-lymphotropic
virus type I (STLV-1) in non-human primates in their native countries. Int.
J. Cancer 40:233-239.

19. Leendertz, F. H., C. Boesch, S. Junglen, G. Pauli, and H. Ellerbrok. 2003.
Characterization of a new STLV-1 in a wild living chimpanzee (Pan troglo-



2548

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

TRAINA-DORGE ET AL.

dytes verus) from Ivory Coast: evidence of a new STLV-1 group. AIDS Res.
Hum. Retrovir. 19:255-258.

Ling, B., M. L. Santiago, S. Meleth, B. Gormus, H. M. McClure, C. Apetrei,
B. H. Hahn, and P. A. Marx. 2003. Noninvasive detection of new simian
immunodeficiency virus lineages in captive sooty mangabeys: ability to am-
plify virion RNA from fecal samples correlates with viral load in plasma.
J. Virol. 77:2214-2226.

Liu, H. F., P. Goubau, M. Van Brussel, K. Van Laethem, Y. C. Chen, J.
Desmyter, and A. M. Vandamme. 1996. The three human T-lymphotropic
virus type I subtypes arose from three geographically distinct simian reser-
voirs. J. Gen. Virol. 77:359-368.

Kalyanaraman, V. S., M. G. Sarngadharan, M. Robert-Guroff, I. Miyoshi, D.
Golde, and R. C. Gallo. 1982. A new subtype of human T-cell leukemia virus
(HTLV-II) associated with a T-cell variant of hairy cell leukemia. Science
218:571-573.

Koralnik, I. J., E. Boeri, W. C. Saxinger, A. L. Monico, J. Fullen, A. Gessain,
H.-G. Guo, R. C. Gallo, P. Markham, V. Kalyanaraman, V. Hirsch, J. Allan,
K. Murthy, P. Alford, J. P. Slattery, S. J. O’Brien, and G. Franchini. 1994.
Phylogenetic associations of human and simian T-cell leukemia/lympho-
tropic virus type I strains: evidence for interspecies transmission. J. Virol.
68:2693-2707.

Mabhieux, R., F. Ibrahim, P. Mauclere, V. Herve, P. Michel, F. Tekaia, C.
Chappey, B. Garin, E. Van Der Ryst, B. Guillemain, E. Ledru, E. Delaporte,
G. De The, and A. Gessain. 1997. Molecular epidemiology of 58 new African
human T-cell leukemia virus type 1 (HTLV-1) strains: identification of a new
and distinct HTLV-1 molecular subtype in Central Africa and in Pygmies.
J. Virol. 71:1317-1333.

Mabhieux, R., J. Pecon-Slattery, G. M. Chen, and A. Gessain. 1998. Evolu-
tionary inferences of novel simian T lymphotropic virus type 1 from wild-
caught chacma (Papio ursinus) and olive baboons (Papio anubis). Virology
251:71-84.

Mabhieux, R., C. Chappey, M.-C. Georges-Courbot, G. Dubreuil, P.
Mauclere, A. Georges, and A. Gessain. 1998. Simian T-cell lymphotropic
virus type 1 from Mandrillus sphinx as a simian counterpart of human T-cell
lymphotropic virus type 1 subtype D. J. Virol. 72:10316-10322.

McGinn, T. M., B. Tao, S. Cartner, T. Schoeb, L. Davis, L. Ratner, and P. N.
Fultz. 2002. Association of primate T-cell lymphotropic virus infection of
pig-tailed macaques with high mortality. Virology 304:365-378.

Meertens, L., J. Rigoulet, P. Mauclere, M. VanBeveren, G. M. Chen, O.
Diop, G. Dubreuil, M.-C. Georges-Goubot, J.-L. Berthier, J. Lewis, and A.
Gessain. 2001. Molecular and phylogenetic analyses of 16 novel STLV-1
from Africa: close relationship of STLV-1 from Allenopithecus nigroviridis to
HTLV-1 subtype B strains. Virology 287:275-285.

Meertens, L., R. Mahieux, P. Mauclere, J. Lewis, and A. Gessain. 2002.
Complete sequence of a novel highly divergent simian T-cell lymphotropic
virus from wild-caught red-capped mangabeys (Cercocebus torquatus) from
Cameroon: a new primate T-lymphotropic virus type 3 subtype. J. Virol.
76:259-268.

Meertens, L., V. Shanmugam, A. Gessain, B. E. Beer, Z. Tooze, W. Heneine,
and W. M. Switzer. 2003. A novel, divergent simian T-cell lymphotropic virus
type 3 in a wild-caught red-capped mangabey (Cercocebus torquatus torqua-
tus) from Nigeria. J. Gen. Virol. 84:2723-2727.

Miyoshi, L., S. Yoshimoto, M. Fujishita, H. Taguchi, I. Kubonishi, K. Niya,
and M. Minezawa. 1982. Natural adult T-cell leukemia virus infection in
Japanese monkey. Lancet ii:658.

Mone, J., E. Whitehead, M. Leland, G. Hubbard, and J. S. Allan. 1992.
Simian T-cell leukemia virus type I infection in captive baboons. AIDS Res.
Hum. Retrovir. 8:1653-1661.

Montreux, F., A. S. Gabet, and E. Wattel. 2003. Molecular and cellular
aspects of HTLV-1 associated leukemogenesis in vivo. Leukemia 17:26-38.
Murphey-Corb, M., L. N. Martin, S. R. Rangan, G. B. Baskin, B. J. Gormus,
R. H. Wolf, W. A. Andes, M. West, and R. C. Montelaro. 1986. Isolation of
an HTLV-III related retrovirus from macaques with simian AIDS and its
possible origin in asymptomatic mangabeys. Nature 321:435-437.

Murphy, E. L., S. A. Glynn, J. Fridey, R. A. Sacher, J. W. Smith, D. J. Wright,
B. Newman, J. W. Gibble, D. I Ameti, C. C. Nass, G. B. Schreiber, G. J.
Nemo, et al. 1997. Increased prevalence of infectious diseases and other
adverse outcomes in human T lymphotropic virus types I- and II-infected
blood donors. J. Infect. Dis. 176:1468-1475.

Nerrienet, E., X. Amouretti, M. C. Muller-Trutwin, V. Poaty-Mavoungou, 1.
Bedjabaga, H. T. Nguyen, G. Dubreuil, S. Corbet, E. J. Wickings, F. Barre-
Sinoussi, A. J. Georges, and M. C. Georges-Courbot. 1998. Phylogenetic
analysis of SIV and STLV type I in mandrills (Mandrillus sphinx): indications
that intracolony transmissions are predominantly the result of male-to-male
aggressive contacts. AIDS Res. Hum. Retrovir. 14:785-796.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

J. VIROL.

Nerrienet, E., L. Meertens, A. Kfutwah, Y. Foupouapouognigni, and A.
Gessain. 2001. Molecular epidemiology of simian T-lymphotropic virus
(STLV) in wild-caught monkeys and apes from Cameroon: a new STLV-1,
related to human T-lymphotropic virus subtype F, in a Cercocebus agilis.
J. Gen. Virol. 82:2973-2977.

Nerrienet, E., L. Meertens, A. Kfutwah, Y. Foupouapouognigni, A. Ayouba,
and A. Gessain. 2004. Simian T cell leukaemia virus type I subtype B in a
wild-caught gorilla (Gorilla gorilla gorilla) and chimpanzee (Pan troglodytes
vellerosus) from Cameroon. J. Gen. Virol. 85:25-29.

Niphuis, H., E. J. Verschoor, 1. Bontjer, M. Peeters, and J. L. Heeney. 2003.
Reduced transmission and prevalence of simian T-cell lymphotropic virus in
a closed breeding colony of chimpanzees (Pan troglodytes verus). J. Gen.
Virol. 84:615-620.

Otsyula, M., J. Yee, M. Jennings, M. Suleman, A. Gettie, R. Tarara, M.
Isahakia, P. Marx, and N. Lerche. 1996. Prevalence of antibodies against
simian immunodeficiency virus (SIV) and simian T-lymphotropic virus
(STLV) in a colony of non-human primates in Kenya, East Africa. Ann.
Trop. Med. Parasitol. 90:65-70.

Poiesz, B. J., F. W. Ruscetti, A. F. Gazdar, P. A. Bunn, J. D. Minna, and R. C.
Gallo. 1980. Detection and isolation of type C retrovirus particles from fresh
and cultured lymphocytes of a patient with cutaneous T-cell lymphoma.
Proc. Natl. Acad. Sci. USA 77:7415-7419.

Posada, D., and K. A. Crandall. 1998. Modeltest: testing the model of DNA
substitution. Bioinformatics 14:817-818.

Saksena, N. K., V. Herve, J. P. Durand, B. Leguenno, O. M. Diop, J. P.
Digouette, C. Mathiot, M. C. Muller, J. L. Love, and S. Dube. 1994. Sero-
epidemiologic, molecular, and phylogenetic analyses of simian T-cell leuke-
mia viruses (STLV-1) from various naturally infected monkey species from
central and western Africa. Virology 198:297-310.

Salemi, M., S. Van Dooren, E. Audenaert, E. Delaporte, P. Goubau, J.
Desmyter, and A. M. Vandamme. 1998. Two new human T-lymphotropic
virus type I phylogenetic subtypes in seroindeterminates, a Mbuti pygmy and
a Gabonese, have closest relatives among African STLV-1 strains. Virology
246:277-287.

Seiki, M., S. Hattori, Y. Hirayama, and M. Yoshida. 1983. Human adult
T-cell leukemia virus: complete nucleotide sequence of the provirus genome
integrated in leukemia cell DNA. Proc. Natl. Acad. Sci. USA 80:3618-3622.
Slattery, J. P., G. Franchini, and A. Gessain. 1999. Genomic evolution,
patterns of global dissemination, and interspecies transmission of human/
simian T-cell leukemia/lymphotropic viruses. Genome Res. 9:525-540.
Tajima, K., S. Tominaga, T. Kuroishi, H. Shimizu, and T. Suchi. 1979.
Geographical features and epidemiological approach to endemic T-cell leu-
kemia/lymphoma in Japan. Jpn. J. Clin. Oncol. 9:459-504.

Thompson, J. D., D. G. Higgins, and T. J. Gibson. 1994. CLUSTAL W—im-
proving the sensitivity of progressive multiple sequence alignment through
sequence weighting, position-specific gap penalties and weight matrix choice.
Nucleic Acids Res. 22:4673-4680.

Traina-Dorge, V., J. Blanchard, L. Martin, and M. Murphey-Corb. 1992.
Immunodeficiency and lymphoproliferative disease in an African green mon-
key dually infected with SIV and STLV-1. AIDS Res. Hum. Retrovir. 8:97-
100.

Tsujimoto, H., Y. Noda, K. Ishikawa, H. Nakamura, M. Fukasawa, 1. Sakak-
ibara, A. Sasagawa, S. Honjo, and M. Hayami. 1987. Development of adult
T-cell leukemia-like disease in African green monkey associated with clonal
integration of simian T-cell leukemia virus type I. Cancer Res. 47:269-274.

. Vandamme, A. M., H. F. Liu., M. Van Brussel, W. De Meurichy, J. Desmyter,

and P. Goubau. 1996. The presence of a divergent T-lymphotropic virus in a
wild-caught Pygmy chimpanzee (Pan paniscus) supports an African origin for
the human T-lymphotropic/simian T-lymphotropic group of viruses. J. Gen.
Virol. 77:1089-1099.

Van Dooren, S., M. Salemi, and A. M. Vandamme. 2001. Dating the origin of
the African human T-cell lymphotropic virus type-I (HTLV-1) subtypes.
Mol. Biol. Evol. 18:661-671.

Van Dooren, S., V. Shanmugam, V. Bhullar, B. Parekh, A. M. Vandamme, W.
Heneine, and W. M. Switzer. 2004. Identification in gelada baboons (Thero-
pithecus gelada) of a distinct simian T-cell lymphotropic virus type 3 with a
broad range of Western blot reactivity. J. Gen. Virol. 85:507-519.

Wattel, E., J.-P. Vartanian, C. Pannetier, and S. Wain-Hobson. 1995. Clonal
expansion of human T-cell leukemia virus type I-infected cells in asymptom-
atic and symptomatic carriers without malignancy. J. Virol. 69:2863-2868.
Yoshida, M., I. Miyoshi, and Y. Hinuma. 1982. Isolation and characterization
of retrovirus from cell lines of human T-cell leukemia and its implications in
the disease. Proc. Natl. Acad. Sci. USA 79:2031-2035.



